Volvox rousseletii is a dioecious species belonging to Volvox sect. Volvox that has previously only been found in Africa. During field surveys in a large dam lake (Lake Sagami) in Kanagawa Prefecture, central Japan, we encountered a Volvox sect. Volvox species that produces dioecious sexual spheroids in the water column. Although sexual induction of this species in culture did not produce adequately well-developed sexual spheroids for species identification, molecular data directly obtained from field-collected sexual spheroids verified the identity of field-collected male and female sexual spheroids as well as cultured materials. Based on molecular and morphological data, the species was identified as V. rousseletii. This is the first record of a dioecious species of Volvox sect. Volvox in Japan.
Introduction
Volvox sect. Volvox is a morphologically interesting group of green algae due to the presence of thick cytoplasmic bridges between constitutive cells and spines on the zygote walls [1, 2] . This section of Volvox includes seven monoecious and three dioecious species [3] [4] [5] . Although three of the monoecious species, V. globator, V. barberi, and V. capensis, are found on at least two different continents [1, 3, 4] , records of the dioecious species of this section are not as frequent, and each has previously only been found in a small area of a single continent [1, 5, 6] . The three dioecious species are distinguished from one another primarily by differences in the morphology of the sexual spheroids [1, 5] . In Japan, at least two monoecious species of Volvox sect. Volvox have been found [3, 7] . However, dioecious species of this section have not previously been recorded from Japan. During our field surveys of large dam lakes in Kanagawa Prefecture, central Japan, we encountered dioecious sexual spheroids of Volvox sect. Volvox in the water column of a lake. Although a subsequent culture experiment did not produce adequately well-developed and fully mature sexual spheroids for species identification, molecular data obtained directly from the fully developed sexual spheroids collected from the lake water resolved the species identity. The species was identified as V. rousseletii, which has previously only been reported from Africa [1, 6] . The morphology, phylogeny, and taxonomy of V. rousseletii are described in this report.
Materials and methods

Ethics statement
We collected Volvox rousseletii from the water column of a large dam lake, Lake Sagami. Collection locations and details are shown in Table 1 . The collection of volvocalean algae in Lake Sagami and from water storage tanks of the Tanigahara Water Purification Plant was permitted by the Tanigahara Water Purification Plant of Kanagawa Prefecture Companies Authority, the Kanagawa Prefectural Government, Japan.
Establishment of cultures and light microscopic observations
Water samples were collected from Lake Sagami and storage tanks of lake water from Lake Sagami within the Tanigahara Water Purification Plant (Table 1) . Clonal cultures of Volvox rousseletii were established from the water samples in Petri dishes (90 × 20 mm), using the pipette-washing method [8] . The cultures were grown in screw-cap tubes (18 × 150 mm) containing 10-11 mL artificial freshwater-6 (AF-6) [9] or AF-6/3 medium (AF-6 medium diluted with two volumes of distilled water [4] ) at 20˚C, 23˚C, or 25˚C on a 14 h light:10 h dark schedule under cool-white fluorescent lamps at an intensity of 80-130 μmol�m . Because the asexual spheroids of the dioecious species were indistinguishable from those of the monoecious species Volvox sp. Sagami in the same lake [7] , clonal culture strains of the candidate dioecious species of Volvox sect. Volvox (V. rousseletii) were selected from the aforementioned established strains based on molecular information (see below). The new wild strains of the dioecious species Volvox rousseletii from Japan (Table 1) are available from the Microbial Culture Collection at the Institute for National Environmental Studies (NIES Collection, Tsukuba, Japan) [10] (http://mcc.nies.go.jp/index_en.html) as NIES-4336-NIES-4342 (Table 1) .
To observe the morphology of asexual spheroids, the cultures were grown in tilled water) was also used, and these cultures were grown at 25˚C on 14:10 LD. To enhance sexual induction, 0.1-0.2 mL inducer (supernatant of the male culture after production of male sexual spheroids and sperm packets) was added to the USVT/3 medium and grown at 32˚C on 14:10 LD. For maturation of sexual spheroids, 0.5-1.0 mL actively growing culture with sexual spheroids was inoculated into 10-11 mL USVT/3 medium. Light microscopy was performed using a BX60 microscope (Olympus, Tokyo, Japan) equipped with Nomarski optics. The number of cells in spheroids was counted as described previously [1, 11] . Individual cellular sheaths of the gelatinous matrix of the spheroids were 
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examined after mixing approximately 10 μL cultured material with 2-5 μL 0.002% (w/v in distilled water) methylene blue (1B-429 WALDECK GmbH & Co Division Chroma, Münster, Germany). f Sexual female spheroids with eggs isolated from field-collected water sample.
g Sexual female spheroids with matured zygotes isolated from field-collected water sample.
https://doi.org/10.1371/journal.pone.0221632.t001
Identification of the dioecious "African species" Volvox rousseletii in Japan
Molecular experiments
To identify species and infer the phylogenetic position of the Japanese dioecious species, we used the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA (rDNA; ITS-1, 5.8S rDNA, and ITS-2). The ITS rDNA sequences of cultured materials and field-collected sexual spheroids as well as two chloroplast genes (the large subunit of Rubisco [rbcL] and the photosystem II CP43 apoprotein [psbC] genes) of cultured materials were determined by direct sequencing of polymerase chain reaction (PCR) products as described previously [7] except for DNA template and enzyme reaction for PCR. For field-collected sexual spheroids, five morphologically identical male or female spheroids were washed with culture medium and pipetted into a tube into which 30 μL 2×PCR Buffer of KOD FX Neo (Toyobo, Osaka, Japan) and one ceramic bead (5 mm in diameter; YTZ ball, Nikkato Co., Osaka, Japan) were added. For clonal cultures, approximately 30 μL concentrated cultured material were mixed with 30 μL 2×PCR Buffer and a bead. Then the tubes were subjected to a Retsch Mixer Mill MM300 (F. Kurt Retsch GmbH & Co.KG, Haan, RP, Germany) with 30 Hz for 10 min to produce "disrupted cell solution" for template DNA for PCR. PCR reaction mixtures were prepared with the disrupted cell solution (10-15% v/v in the mixture) and KOD FX Neo (for ITS rDNA and rbcL) or KOD One PCR Master Mix (Toyobo) (for psbC), according to the manufacturer's protocol. The PCR schedule for rbcL and psbC was 2 min at 94˚C, followed by 45 cycles of 10 s at 98˚C, 30 s at 50˚C and 30 s at 68˚C. For PCR of ITS rDNA, the schedule was 2 min at 94˚C, followed by 40 cycles of 10 s at 98˚C, 30 s at 66˚C and 30 s at 68˚C. For the phylogeny of ITS rDNA and rbcL-psbC [7] , we analyzed the operational taxonomic units (OTUs) or species/samples/strains listed in Table 1 . The sequences were aligned as described previously [3, 4, 7] . The alignments are available from TreeBASE (www.treebase.org/ treebase-web/home.html; study ID: 24792). Designation of the root or outgroup was performed as in a previous study [7] . Maximum-likelihood (ML) analyses based on the ITS rDNA and rbcL-psbC alignments were performed using MEGA6.06 [12] , with 1000 replicates of bootstrap analyses [13] , In addition, Bayesian phylogenetic analyses for the respective alignments were carried out using MrBayes 3.2.6 [14] , as described in a previous study [3] . The secondary structures of ITS-2 were predicted as described previously [2] [3] [4] 7] .
Results
Morphology of asexual spheroids of Volvox rousseletii from Japan
Mature asexual spheroids in culture were ovoid in shape with a broad posterior pole, measured 331-423 μm wide and 352-476 μm long, and contained 4700-11,800 cells embedded in individual sheaths at the periphery of the gelatinous matrix (Fig 1A and 1B) . Somatic cells were connected to one another by cytoplasmic bridges thicker than flagella (Fig 1C) , measuring up to 12 μm long. Somatic cells in the anterior region of the spheroid were pear-shaped to ovoid in side view, with the cell length longer than cell width (Fig 1D) . Each somatic cell had two flagella, a single stigma, and a cup-shaped chloroplast with a single basal pyrenoid. Asexual spheroids typically had 4-8 gonidia. Gonidia were spherical in shape and distributed in the posterior two-thirds of the spheroid (Fig 1A) . During daughter spheroid formation, gonidia of the next generation were evident in the embryo just after inversion (Fig 1E) .
Morphology of sexual spheroids of field-collected Volvox rousseletii from Japan
Mature male spheroids in field-collected samples were ovoid or ellipsoidal in shape, measured 304-468 μm wide and 337-534 μm long, and contained 9100-17,000 somatic cells and 35-92 sperm packets (Fig 2A) . Sperm packets were compressed globoids composed of biflagellate male gametes, 34-44 μm in diameter, and positioned in the posterior 2/3-3/4 of the colony (Fig 2B) . The packets did not develop simultaneously; early stages of sperm packet development were present in old male spheroids (Fig 2A) . Female spheroids with mature eggs or zygotes were also found (Fig 2C-2F ). These were ovoid or ellipsoidal in shape, measured 363-550 μm wide and 380-657 μm long, and contained 8900-14,000 somatic cells and 52-97 eggs or zygotes distributed in the posterior 2/3 of the spheroids (Fig 2C and 2E) . The eggs did not develop simultaneously, but fully matured female colonies contained only matured eggs or zygotes (Fig 2C and 2E) . The mature zygote was spiny, and the spines were slightly curved or straight with acute apices (Fig  2F) . Zygotes were 31-39 μm in diameter (excluding spines). Spines were 3.4-6.4 μm long.
Induction of sexual spheroids of Volvox rousseletii from Japan in culture
Although the ITS sequences were identical between field-collected sexual spheroids and cultured materials, sexual spheroids induced in culture were not well developed, particularly in female strains; matured zygotes were not obtained even after mixing male and female spheroids induced in culture.
Induced male spheroids were essentially the same as those found in the water column except that they were smaller (Fig 3A and 3B) . Fully matured sperm packets escaped from the parental male colony within the culture.
Female spheroids in culture were also smaller than those found in the lake. They contained only eggs (Fig 3C and 3D) . The eggs in female strains sometimes had a smooth or spiny wall and became reddish brown in color to develop into parthenospores.
Molecular identification and phylogeny
All specimens (excluding strains with nuclear rDNA ITS sequences corresponding to that of the monoecious species growing in the same lake, Volvox sp. Sagami [7] ) exhibited identical sequences in the nuclear rDNA ITS region. Figs 4 and 5 show the phylogenetic position of the dioecious species Volvox rousseletii from Japan, based on the ITS region and rbcL-psbC genes, respectively. The relationships were essentially the same as those of previous studies [5, 7] , except for the additional OTUs (V. rousseletii from Japan and V. perglobator). The Japanese dioecious species V. rousseletii was sister to V. rousseletii strain UTEX 1862 originating from South Africa [6] with 80-87% bootstrap values and 0.89-0.97 posterior probabilities. Based on comparisons of the secondary structure of ITS-2, no compensatory base changes were found between the Japanese and South African algae (S1 and S2 Figs). Identification of the dioecious "African species" Volvox rousseletii in Japan
Discussion
Three dioecious species of Volvox sect. Volvox, i.e., V. rousseletii, V. perglobator, and V. prolificus, can be clearly distinguished from one another based on differences in the morphology of sexual spheroids observed in field-collected materials [1, 15, 16] . However, the cultured materials in the present study did not produce adequately well-developed sexual spheroids for species identification (Fig 3) . Thus, taxonomic data were obtained from the field-collected samples including male and female spheroids and mature zygotes (Fig 2) ; these samples were identified as the same species as the cultured materials using ITS sequences. Two species of Volvox sect. Volvox (monoecious Volvox sp. Sagami and dioecious V. rousseletii) generally grow simultaneously in Lake Sagami, and the asexual spheroids of the two species cannot be morphologically distinguished. Thus, morphological data for asexual spheroids of V. rousseletii described here were based on cultured materials (Fig 1) after molecular identification.
The present morphological data from the Japanese dioecious species of Volvox rousseletii are consistent with those from sexual spheroids and zygotes of V. rousseletii from Africa, in that they exhibit continuous development of sperm packets during the maturation of male spheroids, the nearly simultaneous maturation of eggs in female spheroids, and acute spines in the zygote wall (S1 Table) . Although V. rousseletii var. lucknowensis was described based on Indian material [1, 16] , spines of the zygote wall of this alga are broadly conical, representing a different species. In another dioecious species of this section, V. perglobator recorded only from the USA [1, 5] , sperm packet development in male spheroids is not continuous (old male spheroids contain only matured sperm packets), and spines of the zygotes are blunt (S1 Table) . The remaining dioecious species of this section, V. prolificus, has only been recorded from India [1, 16] . In V. prolificus, eggs mature continuously from young to old stages of the parental female spheroid, and spines of the zygote walls are not acute [1, 16] . In addition, the present Japanese species was most closely related to V. rousseletii from South Africa in our phylogenetic analyses. 
Conclusions
The present combined data set from field-collected and cultured materials of a Volvox species distributed in a Japanese lake demonstrated the occurrence of V. rousseletii, which has previously only been reported from Africa [1, 6] . However, asexual and sexual spheroids of this Japanese alga are smaller than those of V. rousseletii reported from Africa (S1 Table) . In addition, the Japanese alga is genetically different from the South African alga of the same species (Figs 4  and 5) . Thus, the species range for V. rousseletii has been expanded based on the present study and more data are needed to resolve the biogeographical significance of the morphological and genetic variability within this species. Now, V. rousseletii is a unique dioecious species of Volvox sect. Volvox distributed in more than one continent, and fresh cultures of V. tousseletii originating from Japan and South Africa are available (Table 1) . Additional dioecious species of Volvox sect. Volvox with intercontinental distribution and/or new species of this section may be revealed in further studies using both field-collected and cultured materials of this section growing in various freshwater habitats worldwide. 
